The study of the different experimental variables affecting the dissociation processes of molecular species, when using hollow cathode discharges as excitation method, and the characterization of the corresponding plasmas, have been made using FTIR absorption and emission spectroscopy. Mass spectrometry has also been employed for diagnosis purposes. The availability of step-scan mode and time resolved possibilities in our FTIR spectrometer, allowed to follow the excitation processes when using modulated discharges. Nitrous oxide, N20, for which no data in hollow cathode discharges were available, has been employed as test compound for checking the possibilities of our experimental setup.
INTRODUCTION
Electrical discharges are considered efficient methods of dissociation of molecules and production of stable and unstable species, such as free radicals and/or molecular ions, as well as sources of excitation of electronic energy levels. The hollow cathode configuration can help to produce more stable and uniform discharges, as well as a better confinement of the plasma, as compared with parallel-plate electrodes geometry, facilitating some ofthe diagnostic techniques, such as the ones used in this work. For the N20 glow discharges, the diagnostics and modeling which, to our knowledge, have been published refer to, either microwave' or radio-frequency (RF)26 discharges; nevertheless, it is expected7 that the same fundamental reactions will take place in all these kind of discharges, although perhaps with different efficiency due to some intrinsic differences in the operation parameters. Being that the case, we can compare our results with the previously reported for high frequency N20 discharges.
Fourier Transform Infrared Spectroscopy has recently added the advantages of the step-scan mode (as a special option in commercial instruments) to its very interesting characteristics of being a very valuable, wide spectral range, non intrusive tool, for studying species involved in plasmas produced in discharges, both in absorption and emission. This system allows to make phase-modulation ofthe moving mirror and AC detection in order to avoid continuous signals, when studying stable species. To study modulated discharges, it is possible either to use lock-in phase sensitive detection or to perform time resolved experiments, which allows to follow the temporal evolution of the different species when the discharge is switched on and off. The use of timeresolved FTIR emission, as plasma diagnostic, has been shown elsewhere8. As not all the species produced in hollow cathode discharges are necessarily infrared-active species, it is very interesting to complement the FTIR diagnostic with mass spectrometry. We have also employed quadrupole mass spectrometers for the study of the N2O discharges, using the same discharge cell designed for taking infrared transmittance and emission spectra.
The first step is to design a proper cell adapted to our experimental diagnostic techniques. To find the best operational ranges for the different parameters involved in such discharges (materials of the cell, pressure and flow rate of the gases, electrical current intensity and voltage, modulation frequency, etc.) required to perform many trial and error essays. To use N2O as test compound presented many advantages. First, N20 discharges are very clean, which means that the cell and the windows don't get dirty; second, N20 infrared absorption spectra is very well known and its infrared emission is strong enough to allow to detect it without difficulties. Besides, some of the species produced in the dissociation of N20, as observed and/or predicted in RF and microwave discharges, seemed to be possible to be detected with our techniques demonstrating their complementarity, and at the same time allowing to compare our results with the corresponding to other discharges.
EXPERIMENTAL DETAILS
The final design and materials of our hollow cathode discharge cell are shown in Figure 1 . We tested different materials that will be discussed below. The total cell length, 200 mm, fulfills the requirements of the sample compartment of our FTIR spectrometer, where it is positioned for taking transmittance spectra. The cylindrical stainless steel cathode is 90 mm long and has a 16 mm inner diameter. Two circular copper anodes, 16 mm inner diameter, are symmetrically placed at 1 5mm of each edge of the cathode. We have checked that this symmetrical design is suitable for stablishing a larger negative column in the discharge, where the most energetical electrons are, so favouring a larger dissociation volume. It also allows to increase the ranges of gas pressure and electrical current intensity where a stable discharge can be sustained. Each anode is connected, through an independent 5 K() ballast resistance to the 2000 V, 150 mA high voltage source (the independent connection allows the discharge to initiate simultaneously at both anodes). The source can either be operated Fig. 1 . Schema of the hollow cathode discharge cell. in a continuous mode or be modulated by a square wave at frequencies below 200 Hz. Higher modulation frequencies are available by means of a 1200 W audio amplifier and a step-up transformer. The cathode and the metallic supports of the anodes are refrigerated by water. At each end ofthe cell, there is one circular disk -32 mm diameter, 3 mm thickness -used as windows. F2Ca or KBr are adequate materials for infrared measurements. One of the infrared windows can be changed by a mirror in emission experiments and it is substituted by a plate with a central diaphragm, 180 im diameter, for mass spectrometry. The discharge is sustained in a continuous flow of gas, entering symmetrically near both ends of the cell and being pumped out in the middle of the cathode. This configuration helps to keep the windows as clean as possible and facilitates the mixing and renovation of the chemical species present in the cell. The total volume of the cell is 0.14 1. The operating ranges of the different parameters, for N2O discharges, were as follows: pressure: 0.3 -2 mbar; flow rate: 300 -1000 sccm; current intensity: 20 -70 mA; voltage: 500 -800 V. for continuous discharges, and between 700 and 1600 V for modulated discharges, depending on the modulation frequency.
An FuR spectrometer Bruker IFS 66, with rapid and step scan options, suited for time resolved spectroscopy, 0.1 cm1 maximum spectral resolution and up to 5 is temporal resolution, was employed for the infrared measurements. DTGS and liquid nitrogen refrigerated MCT detectors are available. With them and the adequate optics, the spectral range between 400 and 7000 cm1 can be examined. An optional entrance to the interferometer in the right side, closed with a KBr window, was used for making emission experiments. When necessary, the emission was focalized with a two spherical aluminum coated mirrors in a telescopic configuration.
Two quadrupolar mass spectrometers, Balzers and Extrel, were available for doing mass spectrometry. Details about the experimental setup can be found elsewhere9. A capacitance manometer, Leybold DM 22, CM 10, is used for measuring the absolute pressures in the range iO to 101 mbar.
RESULTS AND DISCUSSION Figure 2 shows the infrared transmittance spectra of a DC discharge of pure N20, and the spectra without discharge, using the cell described above. Besides the changes of intensity of the N20 bands, which supply data for calculating its percentage of dissociation, the appearance of the NO infrared active band is clearly seen, at two very different spectral resolutions, 10 and 0.25 cm1 . The NO band is also detected in emission experiments, as will be shown later. Figure 3 represents the changes of the integrated band intensities of different fundamental, overtone and combinations bands of N2O, together with the behavior of the NO band and the total pressure in the cell, measured versus current intensity. Cleland and Hess2, using the v3 and the 1 bands of N2O, at 2223 cm1 and 1285 cm1 respectively, in a RF discharge, were not able to convert the integrated band areas in percent dissociation, because due to rotational and vibrational heating ofthe gas, a large and different distortion of both band shapes was produced and the estimation of percent dissociation made from the was twice the estimated from v3. The same authors3, based upon analysis of rotational lines of the 2 and the v 1+ v3 bands, estimated dissociation ranges. In our case, and for the described cell, we have observed neither so large heating, nor so big distortion band shapes, and our results of the rate of percentage dissociation, estimated from , v3, 2 and v + v3 agree within the experimental uncertainties of 10%. So, we can say that the rate of dissociation follows a straight line with increasing current intensity, going from 25% for 20 mA up to 50% for 70 mA, at a constant flow rate of 480 sccm and 2 mbar of N20 . However, in the first trials we employed PVC and/or teflon, instead ofpyrex, as insulating material ofthe structure supporting the anodes, and the anodes were not refrigerated. In those cases we could observe very strong distorted band shapes and behaviors of intensities ofthe different N20 bands, that implied strong vibrational and rotational heating. When the material was PVC, besides NO, also the v3 band of NO2, centered at 1621 cm' was observed in the infrared spectra. An explanation of the presence and infrared detection of NO2 will be given below. When using teflon, the infrared spectra of HF could be clearly seen, both in absorption and emission experiments. The infrared detection of NO in N20 discharges, was not previously reported for RF discharges2'6 in spectra taken at medium resolution, although around 5 mole% of NO was told3 to be detected in infrared spectra taken at 0.65 cm1, using the same reactor than in Ref. 2. Nevertheless, other experiments in RF and microwave discharges, detected NO by downstream mass spectrometry5 and air-afterglow measurements1, respectively. There are three of our experimental parameters, all of them pointing to the same direction, that allows us to have NO enough to be detected. The first one is that we have a N2O pressure more than twice theirs (for pressures lower than 1 mbar, our signal to noise ratio makes impossible to see NO); the second one is that our flow rate, around 500 sccm, ensure that we have a constant concentration of "fresh" N20 during all the time and, consequently, higher concentration of intermediate species produced in the discharge (the flow rates of the referenced papers are in the range 20 to 60 sccm) ,and the third one is related to the residence times. Our residence times, for the experiments presented here, are in the range 5 to 35 ms, comparable to the 0.3 ms reported by Piper and Rawlins1 and the 40 ms of Kline et al., while Cleland and Hess24 have residence times between 1 .4 and 26 s. All the observations, as well as the modeling predictions, seems to agree that N20, N2 and 02 are the predominant species (we also detect N2 and 02, that are no infrared active molecules, in our quadrupolar mass spectra10, together with NO and N2O). Considering the kinetic mechanisms of production and recombination of NO in the discharge4'5, it can be deduced that larger residence times, facilitate the recombination of NO, which can be considered as a reactive intermediate, as NO2 and atomic 0 and N, leading to the final products N20, N2 and 02 (no data for estimating residence times is given in Ref. 6 , but taking into account the experiment described, it seems probable that also in that case, NO recombination is favourished).
There is another reason related to the production of NO in an enough concentration to be detected in the infrared spectra. It refers to the oxygen atoms recombination, a factor strongly influenced by surface recombination. The quantity ofNO formed, depends upon the concentration of oxygen atoms in the discharge, as the quantity of NO2 depends on the concentration of NO and 0, according to the mechanisms previously referenced. The available Pyrex surfaces of our cell, as well as that of Ref. 5 , or the glass surfaces of the employed for microwave discharges1, are less favorable for the recombination of the oxygen atoms than the aluminum oxide electrode coating exposed to the discharge in Ref. 2-4 and 6. In the same sense, and coming back to our infrared detection of NO2 when there were PVC surfaces in the cell (see above), we can add that the presence of PVC retards even more the recombination of oxygen atoms, being that the reason why enough quantity of NO2 was produced, and we were able to detect its infrared absorption.
From the data in Figure 3 , it is possible to evaluate that the infrared spectra of NO, for a current intensity of 30 mA and a total pressure in the cell of 2.5 mbar, corresponds to an approximate partial pressure of 0.05 mbar. The NO pressure is estimated from measurement ofthe integrated absorbance ofthe NO infrared band at 1 876 cm1, taking as referenced value for the band intensity of the fundamental band the one reported in Ref. 11 (109 cm2 atnf1 at 300 K ), and the optical path length of our cell, 200 mm.
Referring to emission experiments, Figure 4 illustrates the time resolved infrared emission spectra of an AC discharge, modulated by a square wave at 169 Hz, using the step scan mode, taken at a spectral resolution of 50 cm1 and a temporal resolution of 300 ts. We have checked that time resolved spectra of transient signals with a duty cycle larger than 1%, can not be recorded in AC coupling without severe distortions of the temporal behavior, with the present available electronics and hardware of our Bruker instrument'2. As the duty cycle ofthe square signal used to modulate the discharge is 50%, a DC coupling and a mathematical treatment were needed in order to eliminate the blackbody radiation. The temporal profiles of the v3 and the v1 emission bands of N2O and of the NO band are also shown. It can be clearly observed that the v3 band is the most easily and quickly excited. Quantitative analysis of these time resolved data, together with the data obtained with quadrupolar mass spectrometry of modulated discharges, are in progress10.
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